Introduction
The intermediate filament proteins constitute a cytoskeletal component of eukaryotic cells. Within this group of proteins five families can be recognized by immunologic and nucleic acid hybridization techniques (for recent reviews, see Steinert and Parry 1985; Traub 1985; Geisler and Weber 1986) . Keratins, the intermediate filament proteins of epithelial cells, belong to two families, acidic keratins (also called type I) and basic keratins (type II). Classification of nonepithelial intermediate filament proteins has been controversial. I shall follow Steiner-t and Parry ( 1985) in classifying neurofilament proteins as a separate family, whereas others consider them to be in the same family as the type III nonepithelial intermediate filament proteins desmin, vimentin, and glial fibrillar acidic protein (GFAP) ( Weber and Geisler 1985 ) . Lamins, the principal structural protein component of the nuclear lamina, have a filamentous structure ( Aebi et al. 1986) ) as well as a high sequence similarity with the intermediate filament proteins (Fisher et al. 1986; McKeon et al. 1986 ). Although not cytoplasmic, they have a similar secondary structure (Parry et al. 1986 ), have evolved from the same common ancestor, and constitute the fifth family of intermediate filament proteins (Franke 1987 ) . About 40 different intermediate filament proteins have been described so far, each with specific regulation of expression during development and differentiation.
Each intermediate filament protein consists of three domains: an amino-terminal, a carboxy-terminal, and a central alpha-helical (Geisler et al. 1983; . The central alpha-helical domains derive from a common ancestor. The terminal domains have independent evolutionary histories (Roop and Steinert 1986; Klinge et al. 1987 ) , and I have not used them to derive phylogenies. Within the central domains, there are subdomains with alpha-helical conformation separated by nonhelical linker subdomains. The alpha-helical subdomains exhibit seven-amino-acid periodicity with hydrophobic third-and seventh-amino-acid residues (reviewed in Steinert and Parry 1985) . This periodicity is associated with the "coiled coil" structures (Doolittle et al. 1978) which are thought to be necessary for filament formation.
Although some evolutionary studies of these proteins have been reported (Fraser et al. 1985; Hanukoglu and Fuchs 1986; Lewis and Cowan 1986; Julien et al. 1987) , the new sequences make it timely to study these now by the sophisticated parsimony procedures.
Sources and Methods
The sequences were aligned using DNA sequence analysis programs purchased from International Biotechnologies, Inc. When only partial sequences are available, they are included only in analyses of the appropriate subdomains. The sequences were aligned at the very similar termini of the central domain. Gaps introduced to keep the sequences aligned were in the linker subdomains. Evolutionary trees were obtained using PAUP programs ( Swofford 1985 ) . Branch lengths were corrected according to a method described elsewhere (Fitch and Bruschi 1987 ) .
Results

Similarity along the Intermediate Filament Protein Central Domains
To determine the similarity among intermediate filament proteins of different families, I chose from each of the four cytoplasmic families three representative proteins for which full-length helical domains were available. Two peaks of high similarity are evident, one at each end of the central alpha-helical domain. The average similarity at the amino-terminal end reaches 65%, and at the carboxy-terminal end it reaches 80%. Between these two regions the similarity is lower but not uniform. In the alphahelical segments involved in coiled-coil formation-1 B, 2A, and 2B (see fig. 1 )-the similarity reaches 50%, but it falls to ~30% elsewhere.
Line b of figure 1 represents averages of pairwise comparisons among the proteins belonging to the same family. The same two regions of considerable similarity at the termini at the alpha-helical domain are also visible, but the similarities are relatively high throughout the central alpha-helical domain. The most highly conserved are sequences of orthologous proteins shown by line c in figure 1. Except for a short segment of the 1 B alpha-helical subdomain, orthologous sequences are 90%-100% identical in their alpha-helical domains.
The recently determined primary sequence of lamin genes indicates extensive sequence similarity to intermediate filament proteins. The major difference between the two is an additional short segment present in lamins but absent from cytoplasmic intermediate filament proteins. This segment extends the 1B subdomain and can participate in coiled-coil formation (Fisher et al. 1986; M&eon et al. 1986 Ll/2, and L2 are the nonhelical linker subdomains between them. The "stutter" represents the break in the seven-amino-acid periodicity believed important for coiled-coil formation. The segment present only in lamins is represented by horizontal lines. ' Corresponding references are as follows: 1, Steinert et al. (1983) ; 2, Knapp et al. (1986) ; 3, Marchuk et al. (1984 Marchuk et al. ( , 1985 ; 4, RayChaudhury et al. (1986); 5, Leube et al. (1986) , Gshima et al. (1986 ), Roman0 et al. (1986 6, Bader et al. (1986); 7, K. Ward (personal communication); 8, Jonas et al. (1985); 9, Johnson et al. (1985) ; 10, Klinge et al. (1987) ; 11, Knapp et al. (1986); 12, Tyner et al. (1985); 13, Glass et al. (1985) ; 14, Magin et al. (1986); 15, Franz and Franke (1986); 16, K. Ward (personal communication); 17, Julien et al. (1987) ; 18, Lewis and Cowan (1985); 19, Geisler et al. (19856); 20, Myers et al. (1987); 21, Levy et al. (1987); 22, Geisler et al. (1987a); 23, Napolitano et al. (1987); 24, Geisler et al. (1985a); 25, Geisler and Weber (1982) , Capetanaki et al. (1984); 26, Quax et al. (1985) ; 27, Lewis et al. (1984) , Balcarek and Cowan (1985) ; 28, Zehner and Paterson (1985) ; 29, Ferrari et al. (1986) ; 30, Quax-Jeuken et al. (1983); 31, Leonard et al. (1988); 32, Fisher et al. (1986) , McKeon et al. (1987); 33, Krohne et al. (1987) .
b Apparent molecular weight in SDS polyactylamide gels. ' See Moll et al. (1982) . Frog and sheep-wool keratins do not have assigned catalog numbers. d For the designation of subdomains, see fig. 1 . The amino-terminal and carboxy-terminal domains have not been analyzed. In individual proteins only those subdomains for which the entire sequence is known are entered and used. Asterisks mark the sequences used in fig. 1 lower in the linker regions than in the alpha-helical segments ( fig. 1, bottom) . Therefore, by similarity criteria, lamins represent a family of intermediate filament proteins, one that is equivalent to the acidic keratin family, the basic keratin family, the neurotiament family, and the type III intermediate filament protein family.
Evolutionary Divergence of the Intermediate Filament Families
Results presented in figure 1 indicate that the sequence similarities between intermediate filament proteins belonging to different families may not be detectable in some of the linker regions. Therefore, the strictly conserved sequences at the termini of the central alpha-helical domains were used to determine the initial evolutionary events in the branching of the intermediate filament protein sequences.
The 2B subdomains of a group of 25 sequences have been compiled and aligned as shown in figure 2. From these sequences, I derived the evolutionary tree represented in figure 3 . While the placement of the root is arbitrary, lamins appear almost equidistant from all cytoplasmic intermediate filament families. that of fig, 3 . The tree was rooted using human lamin A sequence as an outgroup. The numbers indicate corresponding branch lengths. Inadequate similarity prevented use of the linker subdomains (see fig. 1 ).
Evolutionary Trees of Cytoplasmic Intermediate Filament Protein Sequences
Full lengths of the nonepithelial intermediate filament protein sequences were aligned at the 1 A and 2B subdomains, with gaps in the linker regions being introduced where necessary (e.g., see fig. 5 ). From these aligned sequences, the evolutionary tree in figure 4 was derived. In the nonepithelial intermediate filament branch, the first gene duplication separated the ancestor of the neurofilament family from the ancestor of the desmin, vimentin, and GFAP family.
The orthologous nonepithelial intermediate filament sequences are very similar to each other. For instance, avian and mammalian vimentin genes are much more closely related to each other than they are to the desmin sequences, which indicates that the divergence of the nonepithelial intermediate filament proteins predates considerably the separation of birds from mammals -200 Myr ago (Goodman 198 1). In some neurones an intermediate filament protein was discovered recently (Leonard et al. 1988 ). This protein, NFL, although specific for nerve cells, does not belong to the neurofilament family. Instead, in evolutionary terms it is more closely related to desmin, vimentin, and GFAP ( fig. 4) .
The ZOO&D heavy neurofilament subunit (NRF-H) has not been fully sequenced. Only a 57-amino-acid segment spanning the L1/2 and 2A subdomains is known (Geisler et al. 198%) . Homologous segments of nonepithelial intermediate filaments were aligned ( fig. 5 ) , and the corresponding evolutionary tree was derived ( fig. 6) . The NRF-H is most closely related to the 150&D medium neurofilament subunit (NRF-M). The 68-kD light neurofilament subunit (NRF-L) is more closely related to the type III intermediate filament proteins than to the medium and heavy neurofilament proteins in Ll / 2 and 2A subdomains. Within this 57-amino-acid segment, NFL appears equidistant from vimentin and GFAP.
Discussion
While lamins form filamentous structures, they are not cytoplasmic like the other four intermediate filament families but are the principal structural component of the nuclear lamina (Aebi et al. 1986; Franke 1987) . Quantitative analysis of the simikuities among intermediate filament proteins indicated that the cytoplasmic intermediate filament protein families are not more closely related to each other than they are to lamins ( fig. 1 ).
This conclusion is confirmed by the evolutionary tree presented in figure 3 . On the basis of purely theoretical grounds, the root of the tree in figure 3 can be anywhere. It was arbitrarily rooted at the midpoint between the first two hypothetical ancestors. If rooted this way, the tree shows that acidic and basic keratins started diverging at the same time. Analysis of acidic and basic keratin sequences has been published elsewhere (Blumenberg, in press ).
The sequence similarities among desmin, vimentin, and GFAP have indicated to many that they constitute a subfamily (Lazarides 1982; Traub 1985) . The position of the three neurotiament proteins was unclear, however, since they are often expressed in the same cells, coassemble into filaments, and have a gene structure different from that of other intermediate filaments. The neurofilament genes have undergone a peculiar evolutionary metamorphosis consistent with a processed pseudogene intermediate (Lewis and Cowan 1986) . While these characteristics have prompted some investigators to group neurofilaments into a separate, type IV subfamily (Steinert and Parry 1985; , others have preferred to include the neurofilaments into the type III subfamily (Geisler and Weber 198 1; Weber and Geisler 1985 ) . This controversy is explained by the data in figures 1, 3, and 4. While all nonepithelial intermediate filament proteins, including neurofilament proteins, have a common ancestor clearly separated from the acidic and basic keratin ancestors, the neurofilament ancestor branched away early from the ancestor of desmin, vimentin, and GFAP. One may conclude that, while both views are correct, because of their pattern of expression and structure of the nonhelical end domains, it seems more useful to classify neurofilaments as a separate family.
The complete sequence of the 200&D neurofilament subunit is not yet available, and therefore only the analysis of the L l/2 and 2A alpha-helical linker sequences includes the 200&D subunit. In these subdomains the similarity between families is relatively low (fig. 1) , and therefore no outgroup was used to root the tree. The NRF-L appears distant from NRF-MS and NRF-Hs and more closely related to the type III family. Unlike the NRF-MS and NRF-Hs, the NRF-L has the capability to form homopolymeric intermediate filaments, capability shared with desmin, vimentin, and GFAP ( Liem and Hutchison 1982) . This capability may lie in the L l/2, 2A subdomains.
While GFAP appears quite distant from neurofilament proteins and type III intermediate filament proteins in the 2B subdomains ( fig. 3) , when the full-length sequences were compared, GFAP was seen to belong to the type III family ( fig. 4 ; also see fig. 6 ). The recently discovered neuronal intermediate filament protein also belongs to the type III family and does not resemble the neurofilament proteins ( figs. 3,4,6 ).
